Loss of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) activity during CO2 fixation, called fallover, occurred with or without loss of activator CO2 from catalytic sites depending on pH. At pH 7.5, but not at pH 8.5, the fraction of Rubisco sites that were carbamylated decreased during fallover. Inhibitors which formed during fallover were identified following NaBH4 reduction and separation of the products by high performance anion-exchange chromatography and pulsed amperometnc detection. They were xylulose 1,5-bisphosphate (XuBP) and 3-ketoarabinitol 1,5-bisphosphate. During fallover at pH 8.5, 3-ketoarabinitol-P2 was the only inhibitor binding to Rubisco and this binding was at carbamylated sites, although both inhibitors were made. At pH 7.5, both inhibitors were bound to catalytic sites of Rubisco with XuBP bound tightly to decarbamylated sites, whereas 3-ketoarabinitol-P2 bound to carbamylated sites. The pH during fallover also influenced the ratio of 3-ketoarabinitol-P2 to XuBP formed. When fallover occurred at pH 7.5, both the formation of XuBP and its binding affinity to decarbamylated Rubisco sites were increased compared with those at pH 8.5. 3-Ketoribitol-P2 was not found at either pH.
Fully activated, purified Rubisco slowly loses its activity during CO2 fixation after exposure to RuBP,2 a process known as fallover. Edmondson et al. (4) (5) (6) have shown that fallover of Rubisco activity at pH 8.3 can occur without decarbamylation of the catalytic sites on the protein. They suggested that two inhibitors were involved, XuBP, which was positively identified, and 3-ketoarabinitol 1,5-bisphosphate, whose identity was tentative based on the appearance of arabinitol with xylitol following hydrolysis of the phosphates and NaBH4 reduction ofthe sugars (3) . For positive proof of 3-ketoarabinitol, their chromatogram should only have had arabinitol as NaBH4 reduction of 3-ketoarabinitol gives only arabinitol.
The synthesis of XuBP from RuBP by Rubisco had been ' This research was supported partially by the Arizona Agricultural Experiment Station.
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reported before (9) . As we have shown, XuBP, like RuBP, binds tightly only to Rubisco sites that are decarbamylated (16) . Indeed, its presence stabilizes Rubisco sites in the decarbamylated state. The dilemma is: if the fallover does not involve a loss of ACO2 at Rubisco catalytic sites, what role, if any, does XuBP play in the fallover?
In this paper, we demonstrate using HPAE-PAD that both inhibitors, XuBP and 3-ketoarabinitol-P2, are formed during fallover of Rubisco activity. We further show that, at pH 8.5, Rubisco activity was mainly inhibited by 3-ketoarabinitol-P2 binding and stabilizing the carbamylated sites. At pH 7.5, the loss of enzyme activity favored XuBP binding to decarbamylated sites of Rubisco. The ratio of XuBP to 3-ketoarabinitol-P2 is also determined.
MATERIALS AND METHODS Materials
RuBP and CABP were synthesized and purified as previously described (1, 10, 15) . XuBP was made by an aldolasecatalyzed condensation of glycolaldehyde phosphate and dihydroxyacetone phosphate according to Byrne and Lardy (2) and Paech et al. (9) . Rubisco was purified from spinach (Spinacia oleracea) leaves (8) .
CO2 Fixation with Rubisco to Produce Inhibitors
Rubisco (2-4 mg in 3 mL) was activated by incubation with 10 mM KHCO3 and 10 mM MgCl2 in 100 mM Bicine (pH 8.5) or 100 mM Hepes (pH 7.5) for 30 min. The reaction was started by addition of 5 to 8 mM RuBP.
ifications. The NaOH concentration in the eluant (1 mL/ min) was decreased to 1 mm plus 450 mM Na-acetate. Postcolumn addition of 750 mM NaOH at 0.25 mL/min gave 150 mM NaOH at the detector. After the extracts containing the inhibitors were reacted with NaBH4 (2-3 mg/3 mL), most of the PGA was selectively removed over a silica SAX ionexchange column (16) (Fig. 2 ). These observations suggest that at least two different kinds of inhibitors were formed during fallover depending on pH; one binding to decarbamylated Rubisco sites and the other to carbamylated sites.
Identification of Inhibitors
Formed during fallover of CO2 fixation, XuBP has been directly separated and identified by HPAE-PAD (16) . The loss of Rubisco activity with loss of carbamylation at pH 7.5 ( Fig. 1) suggests that, at the lower pH, formation of XuBP and binding to decarbamylated sites had occurred.
Before analysis of the unknown inhibitors, purified RuBP and XuBP were reduced and their product profiles determined by HPAE-PAD (Fig. 3 ). As expected, reduction of RuBP gave two peaks, which corresponded to ribitol 1,5-P2 and arabinitol 1,5-P2, whereas reduction of XuBP gave xylitol 1,5-P2 and arabinitol 1,5-P2. The identity of the sugar alcohol portion of the bisphosphates was determined following hydrolysis of the phosphates and comparison of the HPAE-PAD behavior to known polyols, xylitol, arabinitol, and ribitol (16) (data not shown).
The inhibitor(s) formed at either pH 8.5 or pH 7.5 and which bound to carbamylated Rubisco sites have been separated and identified. After catalysis for 1.5 h at pH 8.5 or pH 7.5, Rubisco was separated from unbound compounds by gel filtration and the protein bound compounds then removed from the Rubisco fraction by addition ofconcentrated HC104. The neutralized products were stabilized by reduction with NaBH4 to form the polyol bisphosphates. From the pH 8.5 sample only one major peak corresponding to arabinitol-P2 and a tiny peak corresponding to xylitol-P2 was detected following HPAE separation (Fig 4) . As the reduced product from 3-ketoarabinitol-P2 is symmetrical, only arabinitol-P2 would be expected. From the ratio of the xylitol-P2 to arabinitol-P2 areas of reduced XuBP from Figure 3 , the pH 8.5 sample had 7% XuBP and 93% 3-ketoarabinitol-P2. 3 8 .0 the inhibitor preparation from pH 7.5 (0) caused about 30% decarbamylation of Rubisco, whereas that from pH 8.5 (@) was decarbamylated about 8%. pH 7.5 both xylitol-P2 and arabinitol-P2 were detected (Fig. 4) . About 40% of the inhibitors bound to Rubisco following incubation at pH 7.5 was XuBP, the rest being 3-ketoarabinitol-P2.
Total Amounts of XuBP and 3-Ketoarabinitol-P2
Although Figure 4 shows a chromatogram of the inhibitors made and bound to Rubisco, much of the XuBP formed during fallover remained unbound to the protein. The total amount of inhibitors produced during fallover at either pH 8.5 or pH 7.5 were assayed by titrating fresh, fully activated Rubisco with various amounts of neutralized inhibitor. After allowing complete inhibition over 30 min (6) the resulting activity was measured. The amount of inhibition was linear with the volume of inhibitor solution when inhibition of enzyme activity was less than 25%. With greater amounts of the inhibitor solution the reaction rate only slowly declined to zero (data not shown) (6) . After consuming 16.6 ,mol RuBP, 12.2 and 11.1 nmol of inhibitors were formed at pH 8.5 and 7.5, respectively (Table I ). The RuBP turnover rate to inhibitor formed was similar at the two pH values. About 30% of the inhibitors formed at pH 8.5 was XuBP, but most of the XuBP did not bind to Rubisco (Fig. 4) zation products of RuBP, i.e. XuBP, 3-ketoarabinitol-P2 and 3-ketoribitol-P2, might be formed. XuBP, formed by reprotonation at C-3, was confirmed to be formed by Rubisco during catalysis (3, 16) . Following breakdown of the XuBP with aldolase and glycerol-P dehydrogenase, Edmondson et al. suggested that a second inhibitor was present which might be 3-ketoarabinitol-P2 (3). Since xylulose produces both arabinitol and xylitol after NaBH4 reduction, they were not able to confirm how much 3-ketoarabinitol-P2 was present when significant amounts of XuBP was in their inhibitor solutions.
An important question arises: why was there no 3-ketoribitol-P2 formed? According to the scheme, reprotonation of C-2 will give both 3-ketoarabinitol-P2 and 3-ketoribitol-P2. It is known that the C-2 of RuBP provides 2 faces, si and re, available for attack by a proton. The resulting products would be 3-ketoarabinitol-P2 and 3-ketoribitol-P2. After reduction of these by NaBH4, only arabinitol-P2 would come from the first and ribitol-P2 and arabinitol-P2 from the second. As only arabinitol-P2 and not ribitol-P2 was present is consistent with only 3-ketoarabinitol-P2 being formed. This agrees with the observations of Lorimer et al. (7) who found that when RuBP was bound to the catalytic sites of Rubisco, a selective attack of NaBH4 on the si face was observed, resulted in formation of arabinitol-P2. This means that the protonation of C-2 of RuBP, when bound to catalytic sites is oriented by the enzyme and explains why only 3-ketoarabinitol-P2 and XuBP are the only "misfire" products formed on active sites of Rubisco during catalysis.
It should be noted from Figure 1 that decarbamylation of Rubisco at pH 7.5 only accounts for about half of the loss of activity. There were still half of the sites that were carbamylated but their activities were inhibited. The observation of Figure 4 (pH 7.5) shows that these sites were, most likely, occupied by 3-ketoarabinitol-P2. From Figure 3 where NaBH4 reduction of XuBP at 25C gives a ratio of xylitol-P2 to arabinitol-P2 of 1:1.2, the ratio of XuBP to 3-ketoarabinitol-P2 was about 0.41:0.59 and close to the concluded ratio of inhibitors of Fig 1 (pH 7.5 (6) .
b XuBP was determined enzymatically. The reaction mixture contained: 100 mm Hepes (pH 7.5), 9 units of glycerol-P dehydrogenase, 75 Mm NADH, and 37 units of aldolase in 0.5 mL. c The ratio of RuBP consumed to inhibitors formed during the 1.5 h. at pH 7.3 than at pH 8.3 either in the presence or absence of RuBP. As they noted that the rate of decarbamylation in the presence of RuBP could not fully account for the rate of fallover, we explain this by presence of both inhibitors which bind to decarbamylated and carbamylated Rubisco sites, but both cause fallover.
In plants, an enzymatic system for relieving inhibition of Rubisco, the Rubisco activase, has been demonstrated (1 1). Rubisco activase can remove Rubisco inhibitors from both active and inactive sites (11, 12) . We have isolated and identified XuBP from celery leaves (16) , which implies that the mechanism for the formation of inhibitors in vitro catalysis may also exist in vivo. Robinson and Portis (13) have proved that the fallover of Rubisco activity can be overcame by addition of an activase system to the Rubisco in vitro. Most likely, the activase also relieves inhibition of Rubisco catalytic sites in vivo by the misfire products, XuBP and 3-ketoarabinitol-P2.
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